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Abstract. The influence of annealing on the microstructure and the electrical and magnetic 
properties of cylindrical nickel-based nanowires has been investigated. Nanowires of nickel of 
~275 nm diameter and of permalloy (Py) of ~70 nm diameter were fabricated by electrochemical 
deposition into nanoporous templates of polycarbonate and anodic alumina, respectively. 
Characterization was carried out on as-grown and up to 650 °C heat-treated nanowires. 
Transmission electron microscopy imaging and diffraction of the nanowires showed a 
temperature-correlated grain growth of an initially nanocrystalline structure (untreated) with <8 
nm (Ni) and <20 nm (Py) grains towards coarser poly-crystallinity after heat treatment with 
grains up to ~160 nm (Ni) and ~70 nm (Py), the latter being limited by the nanowire width. The 
electrical conductivity of individual as-grown and 650 °C annealed Ni nanowires was measured 
in-situ by scanning electron microscopy. At low current densities, the conductivity of annealed 
nanowires was estimated to have doubled over as-grown nanowires. We attribute this increase 
to the observed grain growth. The annealed nanowire was subsequently subjected to increasing 
current densities. Above 120 kA.mm-2 the nanowire resistance started to rise. At 450 kA.mm-2, 
the nanowire melted and current flow ceased. Magnetometry of as-grown and annealed nanowire 
arrays showed them to display quasi-thin film magnetic properties. Coercivity and saturation 
field were inversely correlated in annealed wires and a 25% tunability in these properties was 
achieved at just 200 °C. 
1.  Introduction 
In 1995 Masuda et al. demonstrated the controlled fabrication of nanoporous anodic alumina (AAO) 
templates [1], enabling the subsequent fast and reliable growth of electrodeposited metallic nanowires. 
Variations of this approach have developed to allow growth of complex nanowires, including modulated 
composition [2, 3] and defined shape [4]. Electrodeposited nanowires of ferromagnetic materials are of 
interest due to their promise for applications in such as high-frequency devices [5], high-density 
magnetic recording [6], sensors [7], biomedicine [8] and spintronic devices [9, 10]. Cylindrical 
nanowires are particularly attractive due to their axial symmetry and tunable shape anisotropy [11, 12]. 
A range of magnetic nanowires has been successfully fabricated by AAO, with nickel-based nanowires 
demonstrating excellent magnetic properties, e.g. [13, 14].  
The structural [15], magnetic [2, 16] and electrical properties [3, 17] of cylindrical magnetic 
nanowires require detailed characterization, which requires overcoming challenges arising from their 
small size, fragility and particular features such as small magnetic volume, large shape anisotropy, and 
magnetostatic coupling (when in array conformation). Here we assess the effect of heat treatment on the 
grain size of nickel-based cylindrical nanowires and on their electrical and magnetic properties for 
controlling their functional properties as magnetic transducers. 
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2.  Sample preparation 
A nanoporous AAO template with about 65–75 nm pore diameter and 20 nm pore spacing was prepared 
from a 100 µm thick aluminium sheet (Goodfellow®, 99.99% pure). The aluminium was first polished 
in an electrochemical cell with 1:4 parts solution of perchloric acid and ethanol at DC currents of 2–3 
A, then mild anodized in an aqueous solution of 0.3 mol/l oxalic acid and 0.05 mol/l phosphoric acid at 
33 V for 3 h. The AAO layer was then separated with mercury(II) chloride, and the barrier layer was 
removed in 0.5 mol/l phosphoric acid for 90 min. The used electrolyte chemistries are based on our 
previous work [3, 10]. A VoltaLab® PGZ 402 voltammetry cell was used for the electrochemical 
deposition of nickel and permalloy (Ni80Fe20; Py) nanowires into nanoporous templates at a DC potential 
of –1.2 V for 45 min. Cylindrical Py nanowires of ~70 nm diameter were electrodeposited in the AAO 
template from a solution containing 90 g/l NiSO4, 13.5 g/l FeSO4, 30 g/l H3BO3 as a pH buffer and 5 g/l 
L-ascorbic acid as antioxidant. The Py nanowires typically grew to be 6 µm long with an aspect ratio of 
~85. Cylindrical Ni nanowires of ~275 nm diameter were, however, electrodeposited in a commercially 
available nanoporous polycarbonate (PC) template (Whatman® Nuclepore 111106, 0.2 µm) from a 
solution containing 90 g/l NiSO4, 30 g/l H3BO3, 5 g/l L-ascorbic acid and 1 wt% gelatine as hydrophilic 
agent. The Ni nanowires typically grew to be 9 µm long with an aspect ratio of ~33. 
Fabricated nanowires were characterized by scanning electron microscopy (SEM; FEI Nova 
NanoSEM 450), He-ion microscopy (HIM; Carl Zeiss ORION® PLUS) and transmission electron 
microscopy (TEM; JEOL JEM 3010). Figure 1(a) shows the nanoporous structure of a typical grown 
AAO template with parallel nanopores of diameter ~70 nm separated by 20nm thick alumina walls. The 
Py nanowires electrodeposited into these templates were typically 6 µm long (Fig. 1(b)), dependent on 
plating parameters and electrical connection to individual pores. 
While still in their template, Py and Ni nanowires were subjected to heat treatment in a furnace under 
a protective N2 atmosphere. Temperatures were raised to either 200 °C, 400 °C or 650 °C and held for 
1 hr. The furnace was then allowed to naturally cool down before the templates were removed. We refer 
to the untreated nanowires as as-grown and the heat-treated nanowires as annealed. For microstructural 
analysis, some as-grown and annealed Ni and Py nanowires were released by dissolving their templates 
in chloroform and 1M NaOH solution, respectively, and drop cast from suspension onto silicon 
substrates. Nanowires dispersed randomly and came to rest either isolated or in bundles (Fig. 1(c)). 
SQUID (superconducting quantum interference device) magnetometry was performed at 300 K using 
a Quantum Design MPMS 2.1. Magneto-optical Kerr effect (MOKE) magnetometry was performed 
using a custom-built instrument that used 632 nm wavelength light from a laser diode producing 3 mW 
output power. Measurements were conducted in the polar MOKE configuration [18] with near-normal 
incident light to ensure sensitivity to out-of-plane sample magnetization. MOKE data from 64 field 
cycles were averaged to produce a single hysteresis loop. 
The nanowires were electrically probed inside a SEM environment by two Kleindiek MM3A-EM 
micromanipulators fitted with sharp tungsten probes (Fig. 1(c) Inset). All electrical measurements used 
the same pair of W-probes with a measured tip-to-tip resistance (𝑅𝑅t) of ~30 Ω. To make good mechanical 
contact with the nanowires, the tungsten tips applied a gentle vertical pressure. To make good electrical 
contact, i.e. minimising the effect of contact resistance (𝑅𝑅c), current-voltage (I-V) measurements were 
preceded by one or more ‘burn-in’ bias sweeps of varying magnitude (initially at ±0.1V, if necessary 
rising to ±1V or more). In the case that contamination or oxides may have been present on the nanowire 
surface, this process would cause dielectric breakdown. The threshold field for NiO is in the range of 
0.6…9×108 V/m and characterised by a substantially reduced NiO resistance of at least five orders of 
magnitude [19, 20]. Indeed, the total resistance 𝑅𝑅 = 𝑅𝑅c + 𝑅𝑅t + 𝑅𝑅nw, where 𝑅𝑅nw is the resistance of the 
actual nanowire, dropped from an initial order of kΩ–MΩ down to typically <100 Ω until it dropped no 
further for successive bias sweeps. A number of burnt-in nanowires of the same heat treatment and 
length (i.e. probe spacing) had their total resistances settle around the same minimum value with about 
±2% variability.  
 
 
Figure 1. (a) SEM image of a fractured nanoporous AAO template. (b) HIM image of permalloy 
nanowires electro-deposited into an AAO template. The permalloy nanowires (bright contrast) are 
visible extending ~6 µm into the pores (dark contrast). (c) Randomly oriented as-grown Ni nanowires 
after drop casting from a chloroform suspension. Inset: tungsten tips making electric contact with a 
single Ni nanowire. 
3.  Experimental results 
3.1.  Nanowire Microstructure 
TEM imaging and diffraction was used to characterize the grain sizes of as-grown and annealed 
nanowires. The as-grown nanowires were nanocrystalline with grain sizes of Py <20 nm (Fig. 2(a)) and 
Ni <8 nm (Fig. 3(a)). The Py nanowires exhibited occasional bumps from AAO pore irregularities and 
small surface aggregates of undissolved alumina template (Fig. 2), making them more irregular in shape. 
When occasional nanowire branching occurred (Fig. 2(a)), their diameters might vary by up to ±20% 
across their full length. In comparison, the as-grown PC-templated Ni nanowires were much smoother 
(Fig 3(a)) and exhibited a slight spindle-shape due to the track-etched PC template geometry [21]. 
 
 
Figure 2. TEM images of 75 nm wide 
Py nanowires. (a) Two as-grown 
nanowires with grain sizes ≤20 nm. (b) 
After annealing at 650 °C, grains had 
grown to the full nanowire width. 
 
Figure 3. TEM images of 275 nm wide Ni 
nanowires. (a) Before annealing grain sizes are 
≤8 nm (see magnified area). (b) After annealing 
at 650 °C, grain sizes are up to ~160 nm. Insets: 
Representative diffraction patterns. 
 
Heat treatment of the templated nanowires induced grain growth in both the Py and Ni nanowires. 
After 1h annealing at 650 °C, the Py nanowires featured large grains that in some cases spanned the 
entire nanowire width (~70 nm), forming a near ‘bamboo structure’ (Fig. 2(b)) [22]. The thicker 
polycrystalline Ni nanowires (~275 nm) also exhibited grain coarsening, growing grains up to 160 nm 
(Fig. 3(b)). There was insignificant grain growth at 200 °C and 400 °C (not shown here), and the onset 
of pronounced grain growth was thus raised by at least 200 K compared to pure Ni films [23]. Grain 
growth did not result in changes to Py or Ni nanowire diameter (to within ~2%, which might well 
represent intrinsic template pore-to-pore variations), observed by comparing average diameters of 
randomly chosen as-grown and annealed nanowires. The presence of nickel oxides, which can arise 
from annealing Ni nanowires in air/O2 [24], was not observed here, with annealing conducted in a 
protective N2 atmosphere. 
3.2.  Nanowire Electrical Properties 
To quantify the influence of grain-size on electrical properties, the electrical conductivities of as-grown 
and 650 °C heat-treated individual Ni nanowires (275 nm diameter) were determined from current-
voltage (I-V) measurements of known lengths (𝐿𝐿) of nanowire. Not further discussed are measurements 
on 200 °C annealed nanowires, which showed little to no change compared with as-grown samples, 
likely due to the unchanged microstructure. For the calculations, all nanowire diameters were assumed 
identical (see above). Electrical measurements of Py nanowires were not possible due to their much 
smaller diameter compared with the Ni nanowires. 
Figure 4(a) shows the I-V curve of an as-grown nanocrystalline Ni nanowire at ±0.1 V forward-
reverse bias and 2.6 µm probe spacing (𝐿𝐿(a)). The as-grown nanowire exhibits a linear I-V characteristic 
within the applied ±0.1 V sweep, with a maximum current density (𝐽𝐽(a)) of 43 kA.mm-2 and a resistance 𝑅𝑅(a) = 38.7 Ω. Figure 4(b) shows the I-V curve of a 650 °C annealed nanowire at up to 1.5 V forward-
bias and 2.9 µm probe spacing (𝐿𝐿(b)). The bias was deliberately increased to show the nanowire 
electrical behaviour beyond its low-bias regime. The 650 °C annealed nanowire exhibited four distinct 
regimes during the high voltage sweep (see – in Fig. 4(b)). At low bias <0.26 V corresponding to 𝐽𝐽(b) = 0–120 kA.mm-2, the annealed nanowire electrical behaviour was Ohmic with total resistance 𝑅𝑅(b) = 34.9 Ω. At increased bias 0.26–0.60 V equal to 𝐽𝐽(b) = 120–240 kA.mm-2, 𝑅𝑅(b) jumped to 51.7 
Ω, likely due to Joule heating. Above 0.6 V where 𝐽𝐽(b) > 240 kA.mm-2, 𝑅𝑅(b) fluctuated erratically, likely 
due to metal diffusion and nanowire shape change driven by Joule heating. Current flow abruptly ceased 




The change in conductivity between as-grown (𝜎𝜎nw(a)) and annealed (𝜎𝜎nw(b)) nanowires was estimated for 
unknown contact resistances 𝑅𝑅c(a), 𝑅𝑅c(b)by evaluating both I-V curves in the low biasing linear regime at 
identical currents of 𝐼𝐼(a) = 𝐼𝐼(b) = 2.58 mA (arbitrary). The corresponding voltages were 𝑉𝑉(a) = 
99.90 mV and 𝑉𝑉(b) = 90.01 mV. Given that 𝑉𝑉 𝐼𝐼⁄ = 𝑅𝑅, we thus observed a ~10% drop in total resistance 
(𝑅𝑅(b) 𝑅𝑅(a)⁄ − 1). 
Figure 4. (a) I-V characteristic (±0.1V) of an individual as-
grown Ni nanowire (diameter = 275 nm, length = 2.6 µm). 
(b) I-V characteristic (0-1.5V) of an individual Ni nanowire 
annealed at 650 °C (diameter = 275 nm, length = 2.9 µm). 
Nanowire conductivity is given by 𝜎𝜎nw = 𝐿𝐿(𝐴𝐴𝑅𝑅nw)−1. Given the same nanowire cross-sectional 
areas 𝐴𝐴 (with constant diameters of 275 nm) but accounting for different probe spacings (𝐿𝐿(a), 𝐿𝐿(b)), the 
conductivity ratio for annealed to as-grown nanowires is 
 
𝜎𝜎nw(b)𝜎𝜎nw(a) = 𝐿𝐿(b)𝐿𝐿(a) × 𝑅𝑅(a) − 𝑅𝑅c(a) − 𝑅𝑅t𝑅𝑅(b) − 𝑅𝑅c(b) − 𝑅𝑅t (1) 
We need to consider the realistic values of the contact resistances in order to be able to comment on 
the likely changes in nanowire conductivity. We may assume that nanowires of the same type, history 
and length will exhibit roughly the same intrinsic nanowire resistance (𝑅𝑅nw ≅ const). The measured 
post burn-in consistency in 𝑅𝑅 with about ±2% variability, together with the assumed invariabilities in 𝑅𝑅t 
and 𝑅𝑅nw, imply that the variability in 𝑅𝑅c should itself be limited to about ±0.02 𝑅𝑅 for a given nanowire. 
That is, ∆𝑅𝑅c(a) ≈ ±0.77 Ω and ∆𝑅𝑅c(b) ≈ ±0.70 Ω. Since we were unable to vary the contact spacing on 
individual nanowires we could not measure contact resistances directly. However, an estimate for 𝑅𝑅c 
must not exceed a value that is limited by the conductance of the nanowires, which itself is limited by 
that of high purity Ni, 𝜎𝜎bulk = 1.43×107 S.m-1 [25]. That is, substituting the nanowire conductivity in 𝑅𝑅c = 𝑅𝑅 − 𝑅𝑅t − 𝐿𝐿(𝐴𝐴𝜎𝜎nw)−1 with 𝜎𝜎bulk provides upper limits for 𝑅𝑅c(a) = 5.66 Ω and 𝑅𝑅c(b) = 1.47 Ω. The 
similarities in geometry and material between as-grown and annealed nanowire and the improbability 
that the annealing step reduced contact resistance (on the nanowire surface) mean we shall assume 
contact resistances for the two cases are bound by the smaller of the two limits calculated. Hence, the 
upper limit of 𝑅𝑅c(a) reduces to about 1.47 Ω, or less. The likely magnitudes for the unknown contact 
resistances are thus 𝑅𝑅c(a) ≤ 𝑅𝑅c(b) ≈ (0.73±0.73) Ω, which are compatible with above estimates of their 
variabilities. In comparison, the drop in total resistance for the annealed nanowire over the as-grown 
one was measured at 𝑅𝑅(b) − 𝑅𝑅(a) = 3.8 Ω. We therefore argue that this magnitude of resistance drop 
cannot be solely attributed to different and unknown contact resistances between measurements (a) and 
(b) alone. The change in measured resistance is likely to have also resulted from a reduction in 𝑅𝑅nw 
when nanowires were annealed. With Eq. 1, the resultant relative change in nanowire conductivity 𝜎𝜎nw2 𝜎𝜎nw1⁄  amounts to anywhere from about 2.0 to 2.8, with the lower limit set by 𝑅𝑅c(a) = 𝑅𝑅c(b) → 0 
and the upper limit given by 𝑅𝑅c(a)~ 0, 𝑅𝑅c(b) = 1.47 Ω. This range is narrowed further to about 2.0–2.4 
under the assumption that 𝑅𝑅c(a) ≅ 𝑅𝑅c(b). Assuming the physically most plausible values for the unknown 
contact resistances, 𝑅𝑅c(a)~𝑅𝑅c(b) > 0, we conclude the nanowire conductivity must have increased by a 
little over factor two to explain the observed drop in total resistance. 
The observed increase in electrical conductivity in Ni nanowires undergoing annealing is most likely 
due to the grain growth observed in Figures 2 and 3. Larger grains mean fewer grain boundaries, which 
are sites of increased electron scattering and which contribute to electrical resistance. In addition, it is 
likely that the grain growth is accompanied by reduced dislocation density and release of microstrains [26]. 
3.3.  Nanowire Magnetic Properties 
SQUID magnetometry was performed on arrays of Ni and Py nanowires still in their templates, with 
magnetisation measured along the nanowires’ long axis. The hysteresis loops of Py, as-grown and 
annealed, are shown in Figure 5(a) (black plots), and of as-grown Ni in Figure 5(b). All nanowires 
exhibited ferromagnetic properties. Additionally, MOKE magnetometry was used to measure the as-
grown Py nanowire array, after the AAO template had been surface-polished with a 1 µm grid diamond 
film (grinder: Minimet 1000, force: 13.4 N, time: 9 minutes) and with magnetic field applied normal to 
the template surface and parallel to the nanowires’ long axis. Despite its surface sensitivity, the MOKE 
measurements are likely to be highly representative of the nanowires’ behaviour as a whole. Soft-
magnetic cylindrical wires are known to reverse magnetisation via domain wall nucleation at a wire end 
followed by its rapid propagation through the wire [27]. The data, overlaid in Figure 5(a) (red plot), 
agree well with the SQUID data in terms of saturation field and overall loop shape. All the measurements 
of in-template nanowire arrays showed low remanence, which we attribute to magneto-static interactions 
between wire ends [28]. Due to the inter-pore distances of the templates (approx. 20 nm for AAO) and 
the nanowire lengths, the nanowire arrays may have acted as quasi-thin films with an in-plane easy axis 
and out-of-plane hard axis [13]. The as-grown Py array had a saturation magnetic field (HS) of 
approximately 240 kA.m-1 (MOKE) to 270 kA.m-1 (SQUID). HS of the annealed Py arrays remained 
close to the as-grown value with the exception of the 400 °C sample, for which HS = 240 kA m-1 (Fig. 5 
(c); black squares). We consider the saturation field to be largely unaffected by the heat-treatment and 
ascribe the observed dip at 400 °C to experimental errors. HS of the as-grown Ni array was about 72 
kA.m-1. This lower saturation field is consistent with a weaker quasi-thin film behaviour due to a larger 
template inter-pore spacing and lower magnetization of Ni compared with Py. This is supported by 
studies for up to 500 nm pore distance [29]. The Ni templates did not survive annealing so magnetometry 
was not possible for heat-treated Ni wires.  
The MOKE measurement required the top surface of the slightly warped Py template to be ground 
flat and polished, which significantly reduced the template thickness and, thus, the lengths of the 
embedded nanowires. Because of this, the coercivity of MOKE measurements was typically about half 
that of similar SQUID measurements for the as-grown Py array (Fig. 5(c)). Our as-grown Py nanowire 
coercivity of HC = 40 kA.m-1 compares with 59 kA.m-1 published for a Py nanowire array in template 
with an identical 70 nm nanowire diameter [14], and 52 kA.m-1 for a micromagnetic simulation of a 
polycrystalline Py nanowire with 70 nm diameter [30]. Different electrodeposition parameters and pore 
distances (not specified) are likely to account for the slight differences in values across these studies. 
The coercivity of the Py nanowire arrays has a marked 25% dip to 29 kA.m-1 at 200 °C and recovers for 
higher annealing temperatures to the as-grown value of 40 kA.m-1 (Fig. 5(c); black circles). Such a 
coercivity dip was reported at similar temperatures for as-deposited and annealed Ni/Ni-alloyed films 
[23]. We explain the observed HC variations here with temperature-dependent dislocation densities. 
Crystal imperfections act as domain wall pinning sites, elevating the coercivity. When lower temperature 
annealing is applied, those imperfections are relieved, minimising the coercivity at or around 200 °C. 
For higher annealing temperatures, coercivity rises again as nanocrystals grow.  
Our as-grown Ni sample had HC = 10 kA.m-1. This is lower than for the Py samples, which is 
explained by the larger diameter of Ni wires, and comparable to that of studies of similar samples [29]. 
 
 
Figure 5. SQUID (black) and polar-MOKE (red) measurements of (a) permalloy nanowire arrays (∅70 
nm) in AAO template (corrected for diamagnetism of AAO template), and (b) of a nickel nanowire array 
(∅275 nm) in PC template. The grey curves indicate the uncertainty in M as a direct result of the error 
in permalloy/nickel volume estimates, which was limited by a balance resolution of 0.01 mg. (c) 
Coercivities (HC) and saturation fields (HS) of all nanowire arrays, deduced from the Squid (black) and 
MOKE (red) measurements. 
4.  Conclusion 
We have shown that the grain structure of magnetic cylindrical nanowires can be altered through heat 
treatment, which causes significant grain growth, tending towards a bamboo-type microstructure. This 
in turn reduces the grain boundary surface area with an approximately two-fold increase in electrical 
conductivity for the 650 °C annealed nickel nanowires. Current densities above about 120 kA.mm-2 lead 
to Joule heating and degrade conductivity until structural failure. Magnetic properties of the nanowire 
arrays display quasi-thin film characteristics. Saturation magnetization appears robust against heat-
treatment within experimental uncertainty. Saturation field remains largely robust against heat-
treatment, with one 11% deviation from this attributed to experimental error. Coercivities of as-grown 
Ni and Py nanowires are comparable to those from previous studies while the heat-treated Py nanowires 
offer some tunability of coercivity, each of about 25% between as-grown and 200 °C, possibly due to 
annealing of defects up to 200 °C, and grain growth from 400 °C. 
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